Experimental section
CNC production: CNC were extracted from microcrystalline cellulose (MCC) powder (Sigma-Aldrich, USA) following the typical sulfuric acid hydrolysis according to Bondeson with minor modifications 2 . In brief, 42 g of MCC was mixed with 189 mL of deionized water (DI). DI/MCC suspension was then put in an ice bath and stirred using a mechanical agitator (500 rpm) during 10 minutes. 188.3 mL of concentrated sulfuric acid (95−98% from SigmaAldrich, USA) was added dropwise up to a final concentration of 64 wt.%. The suspension was heated to 44 °C while stirring at 500 rpm for 120 min. The reaction was stopped by diluting the suspension with cold water (5x) and left to decant at 4 °C. The supernatant was discarded and the remaining suspension was centrifuged for 10 minutes at 9000 rpm and 5 °C.
The supernatant was successively replaced with DI water and the suspension subjected to centrifugation cycles until the supernatant became turbid. The resulting suspension was collected and extensively dialyzed using cellulose dialysis membrane MWCO: 12-14 kDa (Sigma-Aldrich, USA) against DI water until neutral pH. After dialysis the content was sonicated three times (VCX-130PB-220, Sonics) for 10 minutes using an ultrasound probe at 60% of amplitude output, under ice cooling to prevent overheating. The cloudy suspension was centrifuged one last time to remove big particulates and the final supernatant containing the CNC was stored at 4 °C until further use.
Oxidation of CNC:
Aldehyde CNC (a-CNC) were produced by sodium periodate (NaIO4) oxidation 3 . In a typical experiment, NaIO4 (Sigma-Aldrich, USA) was added to CNC aqueous suspension (1.5 wt.%) in a 1:1 molar ratio (NaIO4:CNC). The mixture was allowed to stir at room temperature (RT) for 12 hours preventing from light exposure. Unreacted periodate was quenched by the addition of excess of ethylene glycol (Sigma-Aldrich, USA).
The mixture was transferred into a dialysis membrane (cellulose dialysis membrane MWCO:
12-14 kDa) and dialyzed against DI for 3 days with regular water replacement. and the particle size distribution was determined with Gwyddion software (n=50).
Quantification of CNC carbonyl content:
The carbonyl group content of the oxidized a-CNC was determined by conductometric titration 3 . In a typical run, 3.6 mL of a-CNC aqueous suspension (1.39 wt.%, 0.050 g) and 0.025 g (0.62 mmol) of NaOH were dispersed in a final volume of 10 mL of ultra-pure water. 0.193 g of silver (I) oxide (Sigma-Aldrich, USA) were added to the solution, which was allowed to stir overnight and selectively oxidize the aldehyde groups to carboxylic acids. 5 mL of the oxidized reaction mixture were diluted with 80 mL of ultra-pure water and the pH was adjusted to c.a. 3.5 with hydrochloric acid (Thermo 4 Fisher Scientific, USA). Finally, the solution was titrated using 0.01M sodium hydroxide (Thermo Fisher Scientific, USA). The total amount of carboxyl groups corresponding to the carbonyl content or degree of oxidation (DO) was calculated from Equation S1:
where C is the NaOH concentration (mol L -1 ), V1 and V2 are the amount of NaOH as shown in conductimetric titration curves (Fig S1D) , and w (g) is the weight of a-CNC.
Quantification of CNC sulfation degree:
The CNC sulfate content was determined following the CNC pre-treatment steps and conductometric titration according to Beck, S. et al 4 with minor modifications. First, CNC suspension was fed from the top of the column that contains a bed of dowex marathon C hydrogen form strong acid cation (Sigma Aldrich, USA) to fully protonate CNC sulfate half-ester groups. Then, sulfate half-ester content was determined via conductometric titration (113 mg of CNC in 200 mL of 1 mM NaCl aqueous solution and 10 mM NaOH as titrant), and sulfate half-ester groups content and the sulfur content (%) 5 was calculated using Equation S2 and S3, respectively:
where VNaOH is the inset equivalence point determined from conductometric titration curve,
CNaOH is the concentration of titrant used and mcnc is the mass of the CNC suspension. Sections were observed under a transmitted light Microscope (Zeiss, Germany).
Supplemental results and discussion
Morphological and chemical characterization of modified CNC. CNC were extracted from commercial MCC by the common sulfuric acid hydrolysis procedure 2 . In this reaction, sulfuric acid reacts with the surface hydroxyl groups via an esterification process allowing the grafting of anionic sulfate ester groups that are the basis of their high stability in aqueous solutions. Then, vicinal hydroxyl groups on CNC's surface were converted to carbonyls by periodate oxidation during 12 hours. CNC morphology and dimensions were evaluated by 7 AFM ( Figure S1 -A and S1-B). They exhibit a typical rod-like shape morphology with averaged height of 3.5 ± 1.3 nm and length of 168 ± 60 nm, similar to previous works 2, 3 . The effective aldehyde functionalization of CNC was confirmed by FTIR ( Figure S1-C) , demonstrated by the characteristic C=O stretching vibration band at 1740 cm -1 from the aldehyde groups visible on modified CNC and not in initial CNC formulation.
Conductometric titration was performed to quantify the corresponding degree of oxidation ( Figure S1-D) . It was estimated that 9.1 ± 0.95 carbonyl groups per 100 anhydroglucose units have been oxidatively introduced. The degree of chemical modification achieved guarantee sufficient reactivity while preserving the integrity of crystalline structure of CNC, since higher degrees of oxidation showed to affect its' original crystalline properties 6 .
Conductometric titration was also used to determine the charged sulfate half-ester groups at the CNC surface ( Figure S1 -E). The estimated content of sulfate groups in CNC is 296. 
